Immune cells constitute an important element of tumor tissue. Accumulating evidence indicates their clinicopathological significance in predicting prognosis and therapeutic efficacy. Nonetheless, the combinations of immune cells forming the immune microenvironment and their association with histological findings remain largely unknown. Moreover, it is unclear which immune cells or immune microenvironments are the most prognostically significant. Here, we comprehensively analyzed the immune microenvironment and its intratumor heterogeneity in 919 regions of 158 hepatocellular carcinomas (HCCs), and the results were compared with the corresponding histological and prognostic data. Consequently, we classified the immune microenvironment of HCC into three distinct immunosubtypes: Immune-high, Immune-mid, and Immune-low. The Immune-high subtype was characterized by increased B-/plasma-cell and T cell infiltration, and the Immune-high subtype and B-cell infiltration were identified as independent positive prognostic factors. Varying degrees of intratumor heterogeneity of the immune microenvironment were observed, some of which reflected the multistep nature of HCC carcinogenesis. However, the predominant pattern of immunosubtype and immune cell infiltration of each tumor was prognostically important. Of note, the Immunehigh subtype was associated with poorly differentiated HCC, cytokeratin 19 (CK19)
I mmune cells constitute an important element of tumor tissue, and the amount of immune cell infiltration considerably differs among tumor types and histological subtypes. (1, 2) The recent success of immune checkpoint inhibitors as potential treatments for hepatocellular carcinoma (HCC) (3) has raised interest in the evaluation of local and systemic antitumor immunity. In addition to CD8
1 T cells and natural killer (NK) cells that play pivotal roles in antitumor immunity, tumor tissue also contains various adaptive and innate immune cells, forming a complex immune microenvironment. Tumor progression is generally associated with the exclusion of these effector lymphocytes and the accumulation of regulatory T cells (Tregs) and tumor-associated macrophages, and tumors with a regulatory immune microenvironment often exhibit poor prognosis. (2) Despite this accumulating evidence, the exact combination of immune cells forming the immune microenvironment, their intratumor heterogeneity, and their association with histological findings are largely unknown. It is still unclear which immune cell and immune microenvironment are the most prognostically significant. Although recent studies have comprehensively analyzed immune cells in tumor tissues through gene-expression-based and flow cytometric/CyTOF based analyses, (4, 5) comparison of the results with histological features is difficult using these methods. Immune cell detection by multiplex immunohistochemistry (IHC) (6, 7) or mass spectrometry-based tissue imaging (8) enables a more direct and intuitive analysis of the immune microenvironment with histological information; however, such studies are still scarce.
HCC is the second-and fifth-leading cause of cancer-related death worldwide and in Japan, respectively. (9) Studies have shown that increased infiltrations of T, NK, and natural killer T (NKT) cells in HCC are positive prognostic factors, (10) (11) (12) and increased infiltration of Tregs is a negative prognostic factor. (13, 14) The prognostic roles of B-cell and plasmacell infiltration are controversial. (15) (16) (17) The combination of immune cells forming the immune microenvironment and the extent of its intratumoral heterogeneity are also unclear in HCC. Furthermore, the prognostic significance of histopathological findings and molecular profiling is still unsatisfactory, and more accurate indicators are required. It is also intriguing that HCC is a well-accepted model of multistep carcinogenesis, (18) because its study should help elucidate changes in the immune microenvironment during the course of tumor development.
To address these issues, we conducted comprehensive analyses of immune cells through multiplex IHC in 919 regions of 158 HCCs resected from 141 patients. The results were compared with histopathological features, molecular classifications, and prognostic data. We also analyzed the local cytokine/ chemokine milieu in distinct immune microenvironments to elucidate possible mechanisms for the formation of these microenvironments.
Patients and Methods

PATIENTS AND SAMPLES
One hundred fifty-eight HCCs of 141 patients who underwent surgical resection at Keio University Hospital (Tokyo, Japan) in the periods 2004-2010 and 2015-2017 were enrolled in this study. Primary HCCs surgically resected between 2004 and 2016 were enrolled in the prognostic analysis (138 HCCs of 124 patients), in which no patients underwent previous therapies. Among the 20 HCCs surgically resected in 2017, five HCCs were relapsed cases, among which one HCC underwent previous transarterial chemoembolization (26 months before resection) and four HCCs underwent previous radiofrequency ablation. No cases underwent neoadjuvant chemotherapy using multikinase inhibitors (e.g., sorafenib), immunecheckpoint inhibitors, or immunotherapy. Clinical data, including age, sex, and etiology, were obtained from medical records and are shown in Supporting Tables S1 and S2. The median follow-up period of 138 HCCs enrolled in prognostic analysis was 1,559 days (range, 65-4,124). The study was performed in accord with the Declaration of Helsinki and was approved by the ethics committees of Keio University School of Medicine.
MULTIPLEX IHC
Multiplex IHC was performed as described (6) ; the antibodies used in this study are listed in Supporting 
EXTRACTION OF mRNA AND REAL-TIME PCR
Fresh tumor tissues were macroscopically sampled from multiple regions exhibiting different macroscopic features per each HCC. Total mRNA was extracted from frozen tissues using an RNeasy Mini Kit (Qiagen, Hilden, Germany), and cDNA was reversetranscribed using a PrimeScript RT Reagent Kit (Takara-Bio, Shiga, Japan). Real-time PCR was performed using a CFX96 Real Time PCR System (BioRad, Hercules, CA), a C1000 Thermal Cycler (BioRad), and SYBR Premix Ex Taq II (Takara-Bio). Expression levels were analyzed by the comparative C T method. The primers used in this study were designed in reference to GET Prime 2.0 (19) and are listed in Supporting Table S4 .
STATISTICAL ANALYSIS
Correlation matrices were computed using the Pearson correlation coefficient. Univariate and multivariate analyses were performed using the Cox proportional hazards model. Kaplan-Meier curves were analyzed using the log-rank test. Hierarchical clustering, kmeans clustering, and heat map generation were performed using MultiExperimental Viewer (MeV) v4.9 (20) (also see the Supporting Methods for details). P values between unpaired and paired variables were calculated using the Mann-Whitney U test and the Wilcoxon signed-rank test, respectively. P < 0.05, P < 0.01, and P < 0.001 are denoted by single, double, and triple asterisks, respectively.
Results
EVALUATION OF THE LEVEL OF IMMUNE CELL INFILTRATION USING MULTIPLEX IHC
To comprehensively analyze the immune microenvironment in HCC, we evaluated the infiltration of both adaptive and innate immune cells in 919 regions of 158 HCCs using multiplex IHC. Representative results of multiplex IHC are shown in Supporting Figs. S1 and S2.
Of the adaptive and innate immune cells analyzed in this study, macrophages were the most common immune cells. The next-most abundant immune cells were CD4 1 
and CD8
1 T cells, and the amount of T-cell infiltration considerably varied among regions (Fig. 1A) . Other immune cells constituted a relatively minor component; however, regions exhibiting high infiltration of B cells, plasma cells, NK cells, or neutrophils were also observed (Fig. 1A) . Infiltration of most immune cell types were positively correlated, except that higher CD8/CD3 ratios negatively correlated with most other immune cell types (Supporting Fig. S4A) .
Infiltration of T cells, Tregs, B cells, plasma cells, CD11c 1 dendritic cells (DCs), S100 1 DCs, and plasmacytoid DCs (pDCs), and higher Treg/CD4 ratios were histologically associated with poorer differentiation and thicker trabecular patterns (Fig. 1B and Supporting Fig. S4B ). The pseudoglandular pattern was significantly associated with lower lymphocytic infiltration. Fibrosis was associated with increased T-cell, Bcell, plasma-cell, and mast-cell infiltration and higher Treg/CD4 ratios, whereas thickened fibrosis (grade 3) tended to be associated with lower lymphocytic infiltration than grade 1/2 fibrosis ( Univariate analysis based on the predominant patterns of immune-cell infiltration of each tumor showed that infiltration of CD4 1 T cells, CD8 1 T cells, total T cells, B cells, plasma cells, and CD11c
1 DCs was significantly associated with better prognosis (Fig.  1C,D) . To analyze the contribution of heterogeneity of the immune microenvironment, we performed univariate analysis including minor patterns of immune-cell infiltration and found that focal increases in B-cell infiltration were also associated with better prognosis (Fig. 1C) . Multivariate analysis showed that B-cell infiltration was the most significant positive prognostic factor among immune cells (Supporting Table S5 ). Multivariate analysis including B-cell infiltration and conventional histopathological factors also indicated that B-cell infiltration was an independent positive prognostic factor (Supporting Table S6 ).
DISTINCT IMMUNOSUBTYPES IN HCC REVEALED BY CLUSTER ANALYSIS
We performed cluster analysis of the data derived from the 919 regions to classify patterns within the immune microenvironment. Cluster analysis revealed three distinct patterns of immune-cell infiltration (immunosubtypes): those characterized by increased B-cell, plasma-cell, and T-cell infiltration with variable increases in other immune cell types (Immune-high subtype), moderately increased T-cell and other immune cell infiltration with lesser B-and plasma-cell infiltration (Immune-mid subtype), and low immunecell infiltration (Immune-low subtype; Fig. 2A ). The Immune-mid subtype was subdivided into Immunemid-1 (a relatively inhomogeneous subtype including regions with increased granuloma formation, mast-cell infiltration, or neutrophil infiltration) and the more homogenous Immune-mid-2 subtype. The Immunelow subtype was also subdivided into those with lower Treg/CD4 ratios (Immune-low-1) and those Among these immunosubtypes, the Immune-high and Immune-low-2 subtypes were significantly associated with poorly differentiated regions, whereas Immune-low-1 subtype was significantly less associated with poorly differentiated regions (Fig. 2C) . The Immune-mid-1 subtype was significantly associated with steatosis and ballooning because it included a microgranuloma-high subpopulation. Fibrosis was significantly associated with Immune-mid and Immunelow-2 subtypes, while significantly less associated with the Immune-low-1 subtype (Fig. 2C) . Interestingly, the Immune-high subtype showed significantly less intratumor arterial vessel density analyzed by hcaldesmon IHC (Supporting Fig. S5 ), indicating impaired arterial tumor-vessel formation and different hemodynamic status between Immune-high and nonImmune-high HCCs.
PROGNOSTIC SIGNIFICANCE OF IMMUNOSUBTYPES AND INTRATUMOR HETEROGENEITY
Univariate analysis based on predominant immunosubtypes showed Immune-high-predominant HCC to be significantly associated with better prognosis and Immune-low-1-predominant HCC to be associated with poorer prognosis (Fig. 2D,E) . The prognosis of Immune-low-2-predominant HCC remained unclear because of small sample size (n 5 8). There were no significant etiological differences between HCCs with each predominant immunosubtype (Supporting Fig.  S6A ). Immune-high-predominant HCCs were significantly associated with lower grade of fibrosis in the background liver (Supporting Fig. S6A ).
Regarding intratumor heterogeneity of the immune microenvironment, more than 50% of each immunosubtype-predominant HCC contained more than one immunosubtype (Supporting Fig. S6B ). Univariate analysis including minor immunosubtypes showed the existence of focal Immune-low-2 component to be associated with poorer prognosis (Fig. 2D) . The focal appearance of Immune-low-2 subtype was mainly observed in Immune-mid-2-and Immunelow-1-predominant HCCs, but failed to show prognostic significance in these HCCs (Supporting Fig.  S6C ,D).
Multivariate analysis revealed that the Immune-high subtype was an independent positive prognostic factor (Supporting Table S7 ), whereas the Immune-low-1 subtype and focal appearance of Immune-low-2 subtype were not. Most tumors belonging to the Immune-high-predominant subtype overlapped with those with combined infiltration of T, B, and plasma cells (Supporting Fig. S7 ). Therefore, IHC evaluation of CD3
1 T cell and CD79a 1 B/plasma cells can serve as a surrogate marker for the classification of the Immune-high subtype.
We also analyzed immune-cell infiltration at the interface between HCC and background liver tissue. Significantly higher infiltration of T, B, and plasma cells to the interface region was observed in Immunehigh-predominant HCCs and also associated with better prognosis (Supporting Fig. S8A,B) . Grade of fibrosis in background liver tissue did not affect the amount of immune-cell infiltration at the interface region (Supporting Fig. S8C ).
ADDITIONAL PROGNOSTIC IMPACT OF IMMUNOSUBTYPES ON HISTOPATHOLOGICAL AND MOLECULAR CLASSIFICATIONS OF HCC
We next compared immunosubtypes with histological and molecular classification of HCC. (21) (22) (23) Histological grade of HCC showed borderline prognostic significance (Supporting Table S2 ; Fig. 3A ). Immunehigh-predominant HCC constituted around 25% of poorly differentiated HCCs and showed significantly better prognosis among poorly differentiated HCCs. Well-to moderately differentiated HCC mainly constituted of Immune-low-predominant HCC, and stratification by immunosubtype showed no prognostic value.
IHC-based molecular classification of HCC has shown that cytokeratin 19 (CK19) and/or Sal-like protein 4 (SALL4) positivity forms a subgroup of HCC with poorer prognosis (biliary/stem-1 subclass). (23) Whereas expression of epithelial cell adhesion molecule (EpCAM) is also considered to represent stemlike features, EpCAM expression without biliary/ stem-1 marker expression is not a significant prognostic indicator (biliary/stem-2 subclass). Table S2 ; Fig. 3B ). Immune-high-predominant HCC constituted nearly 20% of the biliary/stem-1 subclass and around 10% of non-biliary-stem-1 and non-Wnt/b-catenin subclasses and showed significantly better prognosis in these subclasses. On the other hand, only a small number of Immune-highand Immune-mid-predominant HCCs were observed in the Wnt/b-catenin subclass, and immunosubtypes had no prognostic values in the Wnt/b-catenin subclass. Therefore, evaluation of immune cells in HCC offers additional clinicopathological significance on top of the conventional histopathological and molecular classifications. Similar results were obtained when cases were stratified by Band plasma-cell infiltration (Supporting Fig. S9 ).
We also compared immunosubtypes with Hoshida's 30-gene signature (S1, S2, and S3) (24, 25) and Boyault's 16-gene signature (G1 to G6) (26) in 154 regions of 40 HCCs with region-matched cDNA samples (Fig.  4A ). In the current cohort, Hoshida's S2 was enriched with Boyault's G1 and CK19
HCCs, whereas Hoshida's S3 was enriched with Boyault's G5/6 and b-catenin 1 /GS 1 HCCs (Fig.  4A,B) . These results were compatible with previous studies.
(21) Hoshida's S1 and Boyault's G2 were significantly associated with the Immune-high subtype and Hoshida's S3 and Boyault's G6 with the Immune-low subtype (Fig. 4C) . Interestingly, among the "proliferative phenotype" HCCs (Hoshida's S1/2 and Boyault's G1 to G3), (21) the Immune-high subtype was observed in Boyault's G2/3, but not in Boyault's G1. These differences may also have impact on the clinical course of HCC; however, we could not perform prognostic analysis using these data because of small sample size (n 5 40) and shorter follow-up period (these samples were obtained between 2016 and 2017).
IMMUNOSUBTYPES AND LYMPHOCYTE-RICH, LYMPHOEPITHELIOMA-LIKE, AND STEATOHEPATITIC HCC
There are two histological entities associated with immune-cell infiltration in HCC: lymphoepithelioma- 8 1032 like and steatohepatitic HCC. Given that the definition of lymphoepithelioma-like HCC is unclear, (27) we defined lymphocyte-rich HCC as having 100 cells/ high-power field (HPF) T-cell infiltrations in predominant regions in accord with Wada's definition, (12) and we defined lymphoepithelioma-like HCC as lymphocyte-rich HCC with massive lymphocytic infiltration into the tumor nest. We adopted the recent definition of steatohepatitic HCC. (28) Representative histology is shown in Fig. 5A .
As defined above, lymphoepithelioma-like, lymphocyte-rich, and steatohepatitic HCCs were found in 2.89%, 10.1%, and 9.42%, respectively, of 138 HCCs. There were no significant etiological differences (Supporting Fig. S10A ). Significant increases in T-cell, Bcell, and plasma-cell infiltration were observed in steatohepatitic, lymphocyte-rich, and lymphoepitheliomalike regions in that order (Fig. 5B,C) . Immune-highpredominant HCC constituted 75% and 57% of lymphoepithelioma-like and lymphocyte-rich HCC, respectively.
Lymphoepithelioma-like and lymphocyte-rich HCCs with the Immune-high subtype tended to have better prognosis, although not statistically significant because of the limited sample size (Supporting Fig. S10B ).
CHANGES IN THE IMMUNE MICROENVIRONMENT DURING MULTISTEP CARCINOGENESIS
To analyze changes in the immune microenvironment during tumor progression, we compared immune-cell infiltration between regions with different histological grades in the same tumor. Twenty-three of 158 tumors (14.5%) showed histological transition from well-differentiated to moderately differentiated regions, in which significant decreases in the CD8/ CD3 ratio and in CD56
1 NK/NKT cell and macrophage infiltration were observed (Fig. 5D) . Sixteen of 158 tumors (10.1%) showed transition from moderately differentiated to poorly differentiated regions, in which a significant increase in Treg infiltration, but not in Treg/CD4 ratio, was observed (Fig. 5E ). T-cell infiltration increased or decreased on a case-by-case basis during the transition from moderately differentiated to poorly differentiated regions (Fig. 5E) , which was compatible with the observation that poorly differentiated HCCs were associated with two opposite immunosubtypes, namely, Immune-high and Immune-low-2 subtypes (Figs. 2C and 3A) .
ASSOCIATION OF Immune-high SUBTYPE WITH TYPE 1 T HELPER/CYTOTOXIC T LYMPHOCYTE-TYPE CYTOKINE/ CHEMOKINE MILIEU
To analyze the cytokine and chemokine milieu characterizing each HCC immunosubtype, we analyzed the expression of selected cytokine and chemokine mRNAs in 80 regions of 21 HCCs (Fig. 5A) . We analyzed Ifng, Gzmb, Cxcl9, Cxcl10, Il12a, Il12b, Il27, and Tnfa as type 1 T helper (Th1)/cytotoxic T lymphocyte (CTL)-related transcripts; Il17a, Il17f, Il23r, and Il23a as Th17-related transcripts; Ccl20, Ccl22, Il10, and Ebi3 as Treg/immunoregulatory transcripts; Cxcl12 as fibroblast-related transcript; and Ccr2, Cx3cl1, and Il6 as macrophage-related transcripts. Hierarchical cluster analysis showed regions with high expression of Th1/CTL-related mRNA (especially Ifng, Gzmb, Cxcl9, and Cxcl10; Fig. 6A ), which was very similar to the previously defined "Immune class" signature in HCC.
(5) Expression of Th17-related mRNA was relatively low, which is compatible with a previous study showing a lower frequency of Th17 cells among tumor-infiltrating lymphocytes in HCC. (29) Th1/CTL-type cytokine/chemokine milieu was associated with increased T-, B-, and plasma-cell infiltration and the Immune-high subtype (Fig. 6A-C) .
Because chemokine (C-X-C motif) ligand (CXCL)10 is a key chemokine in recruiting immune cells (11, 30) and promotes plasma-cell differentiation from B cells, (31) we sought to identify the sources of CXCL10 in tumor tissue. IHC analysis showed clear CXCL10 positivity in Cxcl10 mRNA-high HCC, but not in Cxcl10 mRNA-low HCC (Fig. 6D) . Moreover, CXCL10 was mainly produced by CK18 1 tumor cells (Fig. 6E) . Tumor cells were not found to be diffusely positive for CXCL10; rather, they tended to express CXCL10 at the interface with leukocytic infiltration (Fig. 6D) .
Given that this Th1/CTL-related cytokine/chemokine milieu in Immune-high subtype could potentially affect macrophage polarization, we analyzed phenotypes of macrophages in each immunosubtype. According to previous studies, (32, 33) we observed that more than 90% of tumor-associated macrophages expressed M2 marker CD163 and CD204 (Supporting Fig. S11) . Another study has shown that intratumor CD169
1 macrophages can stimulate T cells and are associated with better prognosis in HCC. 
Consistently, we observed increased fraction of CD169
1 macrophages in the Immune-high subtype (Supporting Fig. S11 ).
IMMUNOSUBTYPES AND PROGRAMMED DEATH LIGAND 1/PROGRAMMED DEATH 1 EXPRESSION
We analyzed programmed death ligand 1 (PD-L1)/ programmed death 1 (PD1) expression and compared the results with immunosubtypes in selected cases (n 5 64). Consistent with a previous study, (35) we observed PD-L1 expression in tumor cells and clusters of immune cells (Fig. 7A) . The majority of PD-L1 1 immune cells were CD68
1 macrophages (Fig. 7B) . Expression of PD-L1 in both tumor and immune cells were significantly associated with the Immune-high subtype (Fig. 7C) . Consistent with the association of PD-L1 positivity with Immune-high subtypes, PD-L1 expression in tumor cells and immune cells was associated with better prognosis (Supporting Fig. S12 ).
PD1 expression was observed in inflammatory cells, of which the majority was CD8 1 T cell (Fig. 7D ). PD1 positivity in CD8
1 T cells was also associated with the Immune-high subtype (Fig. 7D) . Although it was not significantly associated with PD-L1 positivity in tumor cells, PD1 positivity in CD8 1 T cells was significantly associated with PD-L1 and CD169 positivity in macrophages (Fig. 7E) , indicating the coexistence of complex stimulatory/inhibitory interactions between infiltrating CD8
1 T cells and macrophages in the Immune-high subtype microenvironment.
IMMUNOSUPPRESSIVE PHENOTYPE OF INFILTRATING PLASMA CELLS
Although increased B-and plasma-cell infiltration is associated with Th1/CTL-type immune reaction and improved prognosis, functional analysis of B and plasma cells in murine studies have indicated their immunosuppressive roles through the alternate expression of interleukin (IL)-10 and IL-35 (heterodimer of IL-12A/p35 and Epstein Barr virus-induced gene 3 [EBI3]) during the differentiation of activated B cells into plasmablasts and plasma cells. (36, 37) B and plasma cells can also inhibit tumor immunity through immunoglobulin-mediated alternative activation of macrophages. (38) In HCC, expressions of Il10 and Ebi3 mRNA were significantly associated with B-/plasma-cell infiltration, whereas expressions of Il12a (encoding IL-12a/p35) and Il27 (encoding the p28 subunit forming IL-27 together with EBI3) were not significantly associated with B-/plasma-cell infiltration (Supporting Fig.  S13A ). IHC analysis of IL-10 revealed it to be mainly positive in tumor cells in Il10 mRNA-high, but not in Il10 mRNA-low tumors (Supporting Fig. S13B ), suggesting that IL-10 was mainly produced by tumor cells, not by lymphocytes including B cells. IHC analysis of EBI3 expression also showed correlation of IHC results with Ebi3 mRNA expression (Supporting Fig.  S13C ). In addition to tumor cells, EBI3 expression was also clearly observed in stromal cells (Supporting Fig. S13C ), as observed. (39) These stromal cells were mainly CD20 -
CD79a
1 plasma cells, but a small fraction of CD20
1 B cells also expressed EBI3 (Supporting Fig. S13D ). These results strongly indicate that plasma cells are a major source of IL-35 and highlight their possible immunosuppressive roles in the HCC microenvironment.
Discussion
The most striking results from the current comprehensive analysis of the HCC immune microenvironment were that the immune microenvironment can be classified into three major distinct immunosubtypes (Immune-high, Immune-mid, and Immune-low). The Immune-high subtype is characteristically associated with increased B-/plasma-cell infiltration, and the Immune-high subtype and B-cell infiltration are the most significant independent positive prognostic factors among immune-related variables. Although considerable intratumor heterogeneity of the immune microenvironment was observed in some HCCs, the predominant immunosubtype in each tumor was prognostically important.
The prognostic roles of B-/plasma-cell infiltration in HCC have been controversial. Some studies have shown that chemokine-driven T-and B-cell infiltrations are associated with better prognosis, (16, 17) whereas another study indicated that B-cell infiltration is associated with IL-17 production and poorer prognosis. (15) In a current study, we have shown that the Immune-high subtype characterized by coinfiltration of T and B/plasma cells is an independent positive prognostic factor. Importantly, the Immune-high subtype indicates HCCs with better prognosis among 12 1036 1 T cells and CD169 positivity in macrophages (n 5 64). *P < 0.05; **P < 0.01; ***P < 0.001.
poorly differentiated HCCs and CK19 1 and/or SALL4 1 high-grade HCCs, (21, 23) whereas the immunosubtypes were not prognostically significant in wellto moderately differentiated HCCs and Wnt/b-catenin HCC. Therefore, the prognostic impacts of the immune microenvironment differ among the histopathological/molecular tumor subclasses. These results provide a rationale for the pathological evaluation of the immune microenvironment in addition to the current histopathological and molecular classifications of HCC. We also showed that lymphoepitheliomalike (27) and lymphocyte-rich HCCs (12) with the Immune-high subtype tend to have better prognosis than those with the non-Immune-high subtype, indicating that not only the amount and lymphoepithelioma-like pattern of lymphocyte infiltration, but also the component of these lymphocytes (coinfiltration of T and B/plasma cells) reflect the activity of immune reaction against tumors. Further characterization of the phenotype and function of infiltrating T, B, and plasma cells in Immune-high, lymphoepithelioma-like, and lymphocyte-rich HCCs would be important to understand the patterns of active immune reaction against HCCs.
Histopathological analysis of the immune microenvironment facilitated investigation of how the immune microenvironment changes during focal progression of HCC. We found that decreases in the CD8/CD3 ratio and CD56
1 NK-/NKT-cell infiltration first occur during the development from well-differentiated to moderately differentiated HCC, with total T-cell infiltration not significantly changed. T-cell infiltration increases or decreases (depending on the tumor) more clearly during the development from moderately differentiated to poorly differentiated HCC, which is compatible with our finding that poorly differentiated HCC is associated with two contrasting immunosubtypes: Immune-high and Immune-low subtypes. Evidently, the immune microenvironment does not change in a linear manner, but changes in a multistep process associated with the multistep carcinogenesis of HCC. (18) The mechanism of the development of different immune microenvironments needs to be clarified. There were no significant etiological differences between immunosubtypes. On the other hand, Immune-high-predominant HCC was significantly associated with the lower grade of fibrosis in the background liver. This may indicate that the preexisting immunosuppressive microenvironment in cirrhotic or precirrhotic liver (40) has some involvement in the formation of the Immune-low microenvironment in HCCs.
We have also shown the associations of immunosubtypes and previously established molecular subclasses of HCC (Hoshida's 30-gene signature and Boyault's 16-gene signature). (24) (25) (26) The Immune-high subtype was significantly enriched in Hoshida's S1 and Boyault's G2 subclasses, with the Immune-low subtype in Hoshida's S3 and Boyault's G6 subclasses. Interestingly, none of the Immune-high subtype was observed in Boyault's G1 subclass among the "proliferative phenotype" HCCs (composed of Hoshida's S1/S2 and Boyault's G1 to G3). (21) These results indicate the importance of molecular mechanisms shaping these transcriptome-based classifications of HCC in modulating immune reaction against tumors. Actually, studies have shown that the tumor-intrinsic activation of specific signaling pathways can affect immune-cell infiltration. In HCC, mutations of CTNNB1 (associated with Hoshida's S3 and Boyault's G5/6 subclasses) and TP53 (associated with Hoshida's S1/2 and Boyault's G1 to G3 subclasses) are major mutations, (22) and recent comprehensive molecular analysis revealed associations between CTNNB1 mutation, and lower lymphocytic infiltration (5, 41) as confirmed in the current study. Mechanistically, in melanoma, CTNNB1 mutation decreases the recruitment of proinflammatory DCs and T cells through decreased chemokine CCL4 expression. (42) Gene mutations other than those of CTNNB1 are not currently linked to specific immune microenvironments in HCC. (5) CXCL9 and CXCL10 expressions are associated with lymphocytic infiltration in many tumors. (16, 30) We found that the Immune-high subtype is characterized by a CXCL9/CXCL10-rich Th1/CTL-type cytokine/cytokine milieu, which is similar to "Immune class" as defined by the gene-expression-based approach. (5) We also found that CXCL10 is mainly produced by tumor cells. It is unclear whether CXCL10 is expressed in HCC in a tumor-cellintrinsic manner or is induced by interferon-c-rich lymphocytic stroma. However, the distribution of CXCL10-expressing tumor cells at the interface with B-/plasma-cell-rich immune microenvironments may indicate the latter possibility; therefore, the molecular mechanisms behind the formation of the Immunehigh subtype HCC is still largely unclear and require further research.
In addition to the findings for CXCL10, we observed that PD-L1 expressions in tumor and immune cells (mainly macrophages) are associated 14 
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with the Immune-high subtype, which is consistent with a recent study showing the relationship between PD-L1 expression and the "Immune class" as defined by Zhou et al. (5) We also observed that PD1 positivity in CD8
1 T cells is associated with the Immune-high subtype. Intriguingly, PD1 positivity in CD8 1 T cells is significantly associated with PD-L1 expression in macrophages rather than those in tumor cells. Given that the expression of PD-L1 in tumor cells is often very focal in HCC, these data indicate tumorinfiltrating macrophage as a main partner of PD1/PD-L1-mediated interaction with CD8 1 T cells. On the other hand, we also found that macrophages in the Immune-high subtype are also associated with CD169 positivity, an indicator for M1-like phenotype and their ability to stimulate T cells. (34) Therefore, complex stimulatory/inhibitory interactions may coexist between infiltrating CD8
1 T cells and macrophages in Immune-high subtype HCC.
Although B-/plasma-cell infiltration in HCC is associated with the Immune-high subtype and better prognosis, the role of B/plasma cells in the immune microenvironment is still unclear. Plasma cells can produce large amounts of antigen-specific immunoglobulins; however, immunoglobulins may contribute to the formation of tumor-supporting microenvironments by inducing alternative activation of macrophages through Fc receptors. (38) B/plasma cells can also play immunosuppressive roles through the alternate expression of IL-10 and IL-35 during differentiation of activated B cells into plasmablasts and plasma cells. (36, 37) In the current study, we found that IL-10 is mainly produced by tumor cells and that B/plasma cells are not the main producer of IL-10 in HCC. However, expression of IL-35, analyzed as EBI3 positivity, was clearly observed in CD20 -CD79a 1 plasma cells in addition to tumor cells. Because EBI3 expression is a latelimiting process of IL-35 production, with basal expression of its heterodimeric partner (IL-12A/p35) in plasma cells, (36) we suggest that plasma cells are a major source of IL-35 in HCC. These results indicate that complex anti-and protumor interactions also coexist around the infiltrating B/plasma cells in Immune-high HCC, and further characterization of the phenotypes and functions of B/plasma cells in human tumors is required.
There are several limitations in this study. First, because the HCC cohort in the current study does not contain the cases with neoadjuvant therapies using immune-checkpoint inhibitors and kinase inhibitors (e.g., sorafenib), we could not analyze the effect of these therapeutics to the immune microenvironment. Second, the HCC cohort in the current study is composed of surgically resected HCCs and does not contain cases with advanced HCC, which are more common as a target of immune-checkpoint inhibitors. Future studies including biopsy samples from advanced HCCs and/or autopsy cases will overcome this limitation. Third, although we have shown the association of immunosubtypes with Hoshida's and Boyault's molecular classification of HCC, we could not perform additional prognostic analysis because of the shorter follow-up period in these HCC cohorts with matched mRNA samples. The molecular mechanisms to form different immunosubtypes are also still largely unclear, and further researches are required. Fourth, although we have shown the possible immunosuppressive effect of tumor-infiltrating plasma cells by producing IL-35, we could not perform the functional analysis of these plasma cells because of the small numbers of plasmacell-rich (Immune-high subtype) HCCs. Further research is required to determine whether these plasma cells are immunosuppressive and could be a new target of immunotherapy against HCC.
In conclusion, we have shown that the immune microenvironment of HCC can be classified into three immunosubtypes (Immune-high, Immune-mid, and Immunelow) with additional prognostic impact on histological and molecular classification of HCC. The Immune-high subtype is associated with poorly differentiated HCC, constitutes about 20% of CK19 1 and/or SALL4 1 highgrade HCC, and shows significantly better prognosis in these high-grade HCCs. The Immune-high subtype is also characterized by its association with Hoshida's S1/ Boyault's G2 molecular subclasses, Th1/CTL-type cytokine/chemokine milieu, and increased PD1/PD-L1 positivity in CD8
1 T cells, macrophages, and tumor cells. We also observed that these immune microenvironments in HCC change during the course of multistep carcinogenesis.
